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multiply [9]. This implies that the 
army ant contrast of this study 
may be the only one in existence 
to directly test the hypothesis 
that queen number and queen-
mating frequency are negatively 
associated via selection for 
genetic diversity [4].
Supplemental data
Supplemental data are available at 
http://www.current-biology.com/cgi/
content/full/17/17/R753/DC1
Acknowledgments
We thank E. Rodríguez and  
G. Zolnerowich for assistance in the 
field and the staff of the Konza Prairie 
Research Natural Area for granting 
research permission. Comments from 
Sophie Armitage, Patrizia D’Ettorre, 
Jes Pedersen, David Hughes, Stuart 
West, and two anonymous reviewers 
significantly improved the manuscript. 
The work was supported by grants 
from the Carl and Marian Rettenmeyer 
Ant-Guest Endowment, the Danish 
Research Training Council and the 
Danish National Research Foundation.
References
 1.  Boomsma, J.J., and Ratnieks, 
F.L.W. (1996). Paternity in eusocial 
Hymenoptera. Phil. Trans. R. Soc. Lond. 
B 351, 947–975.
 2.  Schmid-Hempel, P., and Crozier, R.H. 
(1999). Polyandry versus polygyny 
versus parasites. Phil. Trans. R. Soc. 
Lond. B 354, 507–515.
 3.  Kronauer, D.J.C., Johnson, R.A., and 
Boomsma, J.J. (2007). The evolution of 
multiple mating in army ants. Evolution 
61, 413–422.
 4.  Keller, L., and Reeve, H.K. (1994). 
Genetic variability, queen number, 
and polyandry in social Hymenoptera. 
Evolution 48, 694–704.
 5.  Harvey, P.H., and Pagel, M.D. (1991). 
The comparative method in evolutionary 
biology, (Oxford: Oxford University Press).
 6.  Rettenmeyer, C.W., and Watkins, J.F. II 
(1978). Polygyny and monogyny in army 
ants (Hymenoptera: Formicidae). J. 
Kansas Entomol. Soc. 51, 581–591.
 7.  Brady, S.G. (2003). Evolution of the 
army ant syndrome: The origin and 
long-term evolutionary stasis of a 
complex of behavioral and reproductive 
adaptations. Proc. Natl. Acad. Sci. USA 
100, 6575–6579.
 8.  Sumner, S., Hughes, W.O.H., Pedersen, 
J.S., and Boomsma, J.J. (2004). Ant 
parasite queens revert to mating singly. 
Nature 428, 35–36.
 9.  Pedersen, J.S., and Boomsma, J.J. 
(1999). Positive association of queen 
number and queen-mating frequency 
in Myrmica ants: a challenge to the 
genetic-variability hypotheses. Behav. 
Ecol. Sociobiol. 45, 185–193.
Institute of Biology, Department of 
Population Biology, University of 
Copenhagen, Universitetsparken 15, 
2100 Copenhagen, Denmark.  
E-mail: djckronauer@bi.ku.dkInvolvement of 
deoxycytidylate 
deaminase in the 
response to Sn1-
type methylation 
DNA damage in 
budding yeast
R. Michael Liskay1,*,  
Linda J. Wheeler 2,  
Christopher K. Mathews2  
and Naz Erdeniz1
In addition to spellchecking 
during DNA replication and 
modulating recombination, DNA 
mismatch repair (MMR) promotes 
cytotoxic responses to certain 
DNA-damaging agents [1]. In 
mammalian cells, the best-studied 
response is to Sn1-type methylating 
agents, including N-methyl-N’-
nitro-N-nitrosoguanidine (MNNG) 
[1]. Notably, MMR-deficient 
mammalian cells are resistant 
to the cytotoxic effects of these 
agents. A recent report showed 
that MMR deficiency conferred 
resistance to MNNG in yeast cells 
crippled for both homologous 
recombination (rad52∆) and the 
detoxifying enzyme methylguanine 
methyltransferase (mgt1∆) [2]. To 
better understand the response, 
we searched for additional genes 
modulating sensitivity to MNNG 
in rad52∆ mgt1∆ budding yeast. 
In addition to alleles of known 
MMR genes, we isolated an allele 
of DCD1 encoding the enzyme 
deoxycytidylate deaminase, 
which influences the dCTP:dTTP 
nucleotide pool ratio by catalyzing 
the conversion of dCMP to dUMP 
[3]. Models of the MMR-dependent 
cytotoxic response to Sn1-type 
methylating agents have included 
the incorporation of dTTP opposite 
O6-methyl guanine (O6metG) in the 
template [1]. Our findings lend 
further support to this aspect of 
the MMR-dependent response 
and highlight a mechanism for 
‘methylation’ resistance that may 
be of therapeutic relevance for 
human cancer. 
To better understand the 
response of budding yeast to DNA methylation damage, we 
mutagenized a rad52∆ mgt1∆ 
strain to ~33% survival with ethyl 
methanesulfonate, and screened 
for mutants resistant to MNNG. 
After screening ~10,000 colonies, 
18 colonies repeatedly tested 
resistant. In appropriate crosses, 
one-half of the rad52∆ mgt1∆ 
segregants were MNNG resistant, 
suggesting that a single gene 
mutation was responsible for 
the resistance trait and that the 
mutation was unlinked to either 
RAD52 or MGT1 (data not shown). 
Crosses to a rad52∆ mgt1∆ strain 
produced diploids that were each 
sensitive to MNNG, indicating 
that all 18 MNNGr mutations were 
recessive. Next, we performed 
complementation tests amongst 
the mutant collection and with 
MMR genes that, when mutated, 
have been found to confer 
resistance to MNNG, i.e. mlh1∆, 
msh2∆, pms1∆, msh6∆ ([2] and our 
unpublished data). Not surprisingly, 
complementation tests suggested 
that we had isolated multiple 
alleles of MLH1 (6), MSH2 (2), 
PMS1 (3) and MSH6 (6). However, 
one recessive mutation defined 
a separate complementation 
group, initially designated drm1-1 
(damage response to methylation). 
To identify, by complementation, 
the gene associated with 
the MNNG resistance, we 
transformed the drm1-1 strain 
with a centromere-based yeast 
genomic library. Among ~20,000 
transformants screened for MNNG 
sensitivity, two complemented 
colonies were identified and the 
library clones isolated. Sequencing 
revealed that these clones harbored 
identical genomic inserts containing 
seven potential open reading 
frames, including the DCD1 gene. 
We sequenced the DCD1 gene in 
the MNNG-resistant (rad52∆ mgt1∆) 
strain and detected a mutation 
(G to T) predicted to cause a 
serine to phenylalanine change at 
residue 178, a residue conserved 
in the human deoxycytidylate 
deaminase gene Dctd1 (Figure S1 
in Supplemental Data).
To further substantiate that 
the S178F change in Dcd1 was 
responsible for MNNG resistance 
in the drm1-1 strain, we introduced 
the dcd1-S178F mutation into 
the genome of the wild-type 
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Figure 1. (A) MNNG survival curves: strains were exposed for 45 min to increasing 
amounts of MNNG. Error bars represent standard error of the mean. The LD50 values 
for mgt1∆, rad52∆ mgt1∆ dcd1∆ pms1∆, rad52∆ mgt1∆ dcd1∆, rad52∆ mgt1∆ dcd1-
S178F, rad52∆ mgt1∆ pms1∆, rad52∆ mgt1∆ mlh1∆ and rad52∆ mgt1∆ strains were 
9.7 µM, 2.4 µM, 2.2 µM, 2.1 µM, 1.8 µM, 1.6 µM and 0.25 µM MNNG, respectively. (B) A 
model for the cellular response to MNNG treatment in budding yeast. The scheme is 
modified from a previous report [2] to include the role of DCD1, which, when absent, 
results in reduced O6metG/T mispair formation following replication, reduced MMR- 
dependent processing and resistance to cell death. With the exception of the ‘heavy’ 
and ‘dashed’ arrows signifying consequences in the dcd1∆ strain, the model applies to 
wild-type yeast. Further, following replication, remaining O6metG/C residues will either be 
detoxified by the methyltransferase or diluted out by subsequent cell cycles. Although 
as shown the model infers MMR-dependent ‘futile repair’, ‘direct signaling’ must be con-
sidered (for reviews, see [1,12]). Support for the futile cycling model comes from several 
studies including in vitro results showing reiterative MMR excision cycles on O6metG/T 
mismatch-containing plasmid substrates [13]. Support for direct signaling comes from a 
‘separation-of-function’ allele of mouse Msh6 that compromises spellchecking without 
affecting the DNA-damage response [14] and from studies showing that MutSα–MutLα 
complexes are required for ATR–ATRIP signaling from methylation damage sites [15].W303 strain. Because DCD1 is 
non- essential, we also constructed 
a dcd1∆ strain. The dcd1-S178F 
and dcd1∆ strains were each 
crossed with a rad52∆ mgt1∆ strain 
and haploid, double and triple mutant strains were generated. 
When compared with the rad52∆ 
mgt1∆ ‘parental’ strain, the rad52∆ 
mgt1∆ dcd1- S178F and rad52∆ 
mgt1∆ dcd1∆ strains showed an 
increased level of MNNG  resistance Table 1. Measurements of deoxynucleotide pools. 
Strain dNTPs, pmol/106 cells 
dATP dTTP dCTP dGTP
rad52∆ mgt1∆ 1.33 ± 0.23 4.39 ± 0.96 2.02 ± 0.22 0.87 ± 0.22
rad52∆ mgt1∆ mlh1∆ 1.74 ± 0.24 4.92 ± 0.88 2.84 ± 0.16 1.13 ± 0.14
rad52∆ mgt1∆ dcd1∆ 1.68 ± 0.36 2.14 ± 0.30 7.49 ± 0.59 0.73 ± 0.17
Using mid-log phase yeast cultures grown in rich medium, dNTP pools were determined in 
duplicate on each of three separate extractions.that was statistically 
indistinguishable from both the 
rad52∆ mgt1∆ pms1∆ and rad52∆ 
mgt1∆ mlh1∆ strains (Figure 1A and 
Figure S2 in Supplemental Data). 
In addition, dcd1 deficiency in 
wild-type (RAD52 MGT1) cells did 
not confer detectable resistance 
to MNNG. Taken together with 
the LD50 values of each strain 
(see Figure 1 legend), our results 
show that an inactivating mutation 
of DCD1 in rad52∆ mgt1∆ cells 
confers resistance to Sn1-type DNA 
methylation damage.
As reported previously, DCD1 
deficiency in yeast resulted in 
elevation of dCTP pools and a 
slight decrease in dTTP pools 
[4] and reduced the frequency 
of spontaneous [4] and 
MNNG- induced [5] G/C to A/T 
mutations. To address possible 
yeast strain background effects in 
our study, we measured dNTP pool 
levels in the most relevant strains 
used, as described [6]. Consistent 
with a previous study [4], dcd1∆ in 
our strain background also resulted 
in elevated levels of dCTP and 
slightly diminished dTTP pools (see 
Table 1). Notably, MMR deficiency 
(mlh1∆) had no significant effect on 
dNTP pools. The MMR-dependent 
cytotoxic response to Sn1-type 
methylating agents generally 
is considered to be dependent 
on the formation of O6metG/T 
mispairs during replication [1]. 
Because of the increased dCTP:
dTTP ratio due to dcd1∆, the 
likelihood of incorporation of T 
opposite O6metG by polymerase is 
predicted to be greatly diminished. 
Therefore, we reasoned that MNNG 
treatment of dcd1∆ cells resulted 
in fewer O6metG/T mispairs, 
less involvement by MMR, and 
cytotoxic resistance/tolerance, 
assuming that DCD1 and MMR act 
in the same methylation damage 
response pathway. To test this 
notion, we compared the MNNG 
responses of rad52∆ mgt1∆ 
dcd1∆ and rad52∆ mgt1∆ pms1∆ 
dcd1∆ strains: the quadruple 
mutant appeared no more 
resistant to MNNG than the triple 
mutant (Figure 1A,B; see legend 
for LD50 values). These results 
support the idea that in yeast the 
formation of O6metG/T mispairs 
during replication is required for 
the observed MMR- dependent 
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Horizontal gene 
transfer of two 
cytoskeletal 
elements from 
a eukaryote to a 
cyanobacterium
Arthur Guljamow1,  
Holger Jenke-Kodama1,  
Harald Saumweber2,  
Philippe Quillardet3,  
Lionel Frangeul4,  
Anne Marie Castets3,  
Christiane Bouchier5,  
Nicole Tandeau de Marsac3  
and Elke Dittmann1
The concept of horizontal gene 
transfer (HGT) as a potent 
evolutionary force has prompted 
the re-evaluation of prokaryotic 
genome shaping and speciation. 
Horizontal gene transfer enables 
prokaryotes to rearrange 
their genomes dynamically, 
facilitating responses to changing 
environmental conditions and 
invasions of new ecological niches. 
Here we report that the genome of 
the cyanobacterium Microcystis 
aeruginosa contains a genomic 
island encoding proteins with 
extensive amino- acid sequence 
identity to two components of the 
eukaryotic actin cytoskeleton: actin 
itself; and profilin, an actin binding 
protein hitherto only known in 
eukaryotes. Our data indicate that a 
rare eukaryote-to-prokaryote HGT 
has introduced both sequences 
into the Microcystis lineage. We 
found both genes to be actively 
expressed and propose a unique 
role in Microcystis cell stabilization 
for actin, differing substantially 
from what is observed for bacterial 
actin homologs. Because we 
detected both eukaryote-like genes 
only in one strain in culture and in 
recent samples collected from its 
original habitat we suggest that 
both proteins may contribute to 
the adaptation of this strain to its 
specific ecological niche.
Eukaryotic actin and profilin from 
M. aeruginosa (ActM and PfnM, 
respectively) are encoded ~280 
nucleotides apart from each other. 
Top-scoring BLASTp hits both for cytotoxicity of MNNG. Shown 
in Figure 1B is a schematic 
incorporating the DCD1- related 
findings reported here and those 
from a previous report [2]. 
The MMR-dependent response 
to Sn1-type methylating agents 
most likely involves additional 
proteins besides those normally 
associated with MMR-dependent 
spellchecking (for a review, see 
[1]). Our study has uncovered 
one such protein, Dcd1, which 
modulates dCTP:dTTP pool 
levels and therefore influences 
sensitivity to agents that induce 
formation of O6metG. Several 
studies with cultured rodent cells 
suggested that Dctd deficiency 
increased the dCTP:dTTP pool 
ratio [7–9]. However, we are not 
aware of any isogenic pairs of 
proficient/deficient cell lines to test 
rigorously the role of Dctd in the 
response to methylation damage. 
Of interest, however, Meuth [7] 
showed that elevated dTTP pools 
increased sensitivity to MNNG in 
Chinese hamster ovary cells and 
speculated that misincorporation 
of thymine opposite O6metG was 
the basis for the observed toxicity. 
Finally, our findings may 
also have relevance to cancer 
chemotherapy. For example, 
reduced DCTD levels in a 
tumor might compromise the 
clinical response to the Sn1-type 
methylation agent temozolomide or 
the purine analog 6-mercatopurine, 
used in the treatment of 
glioblastoma multiforme [10] and 
certain hematological malignancies 
[11], respectively.
Supplemental data
Supplemental data are available at 
http://www.current-biology.com/cgi/
content/full/17/17/R755/DC1 
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